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ABSTRACT
Syntactic foams are comprised of hollow microballoons in matrix systems. The superior
mechanical and physical properties of syntactic foams such as light weight, high compressive
strength, and low moisture absorption make them attractive materials for structural applications.
As these materials are used in high mechanical performance applications, there is a need to
achieve both high compressive strength and high energy absorption with minimal or no increase
in density. In this study, the effect of gradient configuration of syntactic foams on the energy
absorption and compressive strength is studied. Functionally Gradient Syntactic Foams (FGSFs)
in five different layer sequencings are fabricated using layer over layer integrated technique
called integrated FGSFs (IFGSFs). Each syntactic foam layer in IFGSF is fabricated using one
of the four different types of glass microballoons namely, S22, S32, S38 and K46. In the present
study, gradient structures are created with the variation of microballoon wall thickness. In order
to maintain uniformity in the structure, volume fraction of the microballoons in each layer of
IFGSF is maintained constant at 60%. The different layers of IFGSFs are integrated before
major solidification takes place.

Five different layer sequencing IFGSFs are fabricated to

understand the effect of layer sequencing on the compressive properties of gradient structures.
IFGSFs have tested for flat-wise and edge-wise compression properties on MTS-810 servo
hydraulic machine. Also, flat-wise compression results are compared with adhesively bonded
FGSF and found that FGSFs fabricated with layer over layer integrated technique show dramatic
improvement in compressive properties. Furthermore, the IFGSF results are compared to one
another for understanding the effect of layer sequencing on flat-wise and edge-wise compressive
behavior.

Layer sequencing effect on crack propagation behavior of IFGSFs is carefully

monitored and analyzed with Optical Microscope (OM) and Scanning Electron Microscope

x

(SEM). In order to understand the dynamic properties of gradient structures, low velocity impact
analysis is performed on the IFGSF structures.

Impact testing of IFGSFs is conducted at

velocities 1 m/s, 2 m/s and 3 m/s on Dynatup 8250 impact testing machine. The initiation
energy, propagation energy and maximum load values of IFGSFs are compared to one another to
understand the layer sequencing effect on impact properties.

xi

CHAPTER 1. INTRODUCTION
1.1 Composite Materials
1.1.1 Definition
Emerging technology and its requirement for high performance materials are increasing
day by day. Improved the performance of material is limited when a material has only one
composition. Therefore, new high performance materials can be created by combining two or
more conventional materials. These materials which are a combination of multiple constituents
are termed as composites. According to ASM Handbook [1], composites can be defined as ―a
macroscopic combination of two or more distinct material having a recognizable interface
between them.‖ Composite materials are flexible materials for multifunctional applications due
to their significant properties such as high specific strength, modulus, bending stiffness and
chemical resistance.
1.1.2 Basic Constituents of Composites
Composite materials are comprised of two basic constituents namely, matrix and
reinforcement. The matrix can be polymer, metal matrix or ceramic based. Polymer matrix
materials include thermosets such as epoxy, phenolic and vinyl ester; or thermoplastics such as
polyetherketone and polyethersulphone.

Metal matrix materials are made by dispersing a

reinforcing material into a metal matrix. The matrix used in these metal matrix composites is
usually a lighter metal such as Aluminum (Al), Magnesium (Mg), or Titanium (Ti). Polymer
matrix composites are used in modern day structural applications due to their significant
advantages such as resistance to corrosion, resistance to chemicals, high strength to weight ratio,
low thermal and electrical conductivity, and low moisture absorption. The reinforcement can be
either continuous or discontinuous phase. Continuous phase of reinforcement include long
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fibers.

Discontinuous phase of reinforcement include short fibers, whiskers or particles.

Reinforcement in composites can also be single phase or multiphase.

A multiphase

reinforcement can be achieved by using different particles together.
1.1.3 Advantages and Limitations of Composites
1.1.3.1 Advantages


Higher design flexibility to achieve preferred mechanical and physical properties by
varying the constituents.



High strength to weight ratio and low cost.



High thermal resistance, low coefficient of moisture absorption, and excellent resistance
to chemicals and corrosion
Due to these advantages, composites are attractive in weight sensitive applications such
as aerospace, naval, sports, packaging, and automobile applications

1.1.3.2 Limitations


Less reliable for new applications, because of the difficulties in design analysis and
modeling.



Not suitable for mass production due to its fabrication difficulties, higher cost of
fabrication and repair.

1.1.4 Classification of Composites
Based on the reinforcement, composites are broadly classified into fiber reinforced and
particulate reinforced [2].
1.1.4.1 Fiber Reinforced Composites
Fiber Reinforced Polymer (FRP) composites are fabricated by incorporating one or more
continuous or discontinuous reinforcing phase of fiber in a continuous matrix phase. The
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properties of FRP composites can be varied by varying the arrangement and orientation of the
fibers relative to one another, fiber concentration and fiber distribution. These composites are
widely used in high performance structural applications due to their significant properties such as
high strength and superior blast resistance [3]. Examples of fiber reinforced polymer composites
include, glass fiber reinforced polymer composites and carbon fiber reinforced polymer
composites etc.
1.1.4.2 Particulate Composites
Particulate composites are fabricated by reinforcing one or more particulate phase in a
continuous matrix phase. Size, shape, volume fraction and properties of filler particles affect the
properties of particulate composites. Some of the common particle shapes used in particulate
composites include spherical, flaky and cubical. Due to the difference in particle shape and size,
the surface area could be different for different particles even at same volume fraction. Further
the bonding between particle and matrix along with stress concentration factor are dependent on
particle aspect ratio. Appropriate selection of particle shape and size is important for producing
composites having superior strength, high damage tolerance, excellent wear and chemical
resistance.

Examples of particulate composites include polymer resin matrix containing

aluminum, steel or glass particles. Out of these particulates, hollow glass particulate composites
also called as syntactic foams gained significant importance due to their light weight and high
specific strength.
1.2 Syntactic Foams
1.2.1 Definition
Syntactic foams are examples of particulate composite materials. According to American
Society for Testing and Materials [4], syntactic foam is defined as a ―material consisting of
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hollow spherical fillers in a resin matrix.‖

The hollow spheres are called microballoons.

Syntactic foams possess lower density due to the hollow microballoons incorporated in the
matrix as compared to solid particulate composites and fiber reinforced composites.
Microballoons used in syntactic foams can be of glass, ceramic, steel and aluminum [5-7] and
are available in various sizes [8].
1.2.2 Advantages of Syntactic Foams
Syntactic foam composites are found to possess high specific strength [9] and low
thermal conductivity [10]. These composites are used as core materials in sandwich structures
for various weight sensitive applications due to their significant advantages such as high specific
compressive strength, high damage tolerance, thermal and electrical insulation and excellent
damping properties[11]. The multi-functionality of syntactic foams is due to their wide range of
mechanical properties coupled with vibration damping characteristics and ability to be fabricated
in functionally graded form.
1.2.3 Applications of Syntactic Foams
Syntactic foams are initially developed in 1960s as buoyancy aid materials for deep sea
applications [12].

Later, syntactic foams have gained much more importance as aircraft,

spacecraft and naval structural applications [13-15]. Depending upon the application, the matrix
material, microballoons, volume fraction of microballoons, and density of microballoons in
syntactic foams can be varied. Studies have shown that the density of syntactic foams can be
varied in two different ways [16]. The density of syntactic foam can be varied either by
changing the volume fraction of microballoons or by changing the density of microballoons.
The second method gives greater design flexibility, as any change in properties of syntactic foam
can be related to the radius ratio (η) of microballoons. Radius ratio (η) is defined as the ratio of
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inner radius (ri) to outer radius (r0) of microballoons as shown in Eq. (1). The schematic
representation of individual microballoon is shown in Figure 1. The difference between outer
radius (r0) and inner radius (ri) is termed as wall thickness.

Density and strength of

microballoons is inversely proportional to the radius ratio. Lower wall thickness, higher internal
radius microballoons gives lower density and lower strength syntactic foams. In contrast, higher
density microballoons impart higher compressive strength and lower fracture strain to syntactic
foams [17]. Considering the applications of syntactic foams in naval and aerospace structural
applications, the effect of the internal radius on the mechanical properties of syntactic foams was
widely studied [9, 15, 28].



ri
ro

(1)

ro
ri

Figure 1 Schematic representation of individual microballoon

1.2.4 Structure of Syntactic Foam

Microballoon

Void

Matrix
Figure 2 Schematic representation of two phased and three phased syntactic foams
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Figure 3 Micro structure of glass microballoons syntactic foam at cut surface

Syntactic foams are usually a two phase structures, namely matrix and microballoons.
These foams are classified as closed pore foams due to the existence of porosity within the
microballoons. However, during fabrication of syntactic foams, air or voids can be entrapped
within the matrix. The presence of air or voids within the matrix is termed as open cell porosity
and thus making syntactic foams a three phase structure. A schematic representation of two
phase and three phase structures of syntactic foams are shown in Figure 2. The micro structure
of syntactic foams under Scanning Electron Microscope (SEM) is shown in Figure 3. The SEM
image showed the resin and microballoons phases at the cut surface of syntactic foam sample.
1.2.5 Motivation for Present Study
Published studies [16,19-21] have concluded that with the addition of nanoclay [22], and
fiber [23] or by creating gradient structures, the mechanical performance of syntactic foams can
be improved. As these materials are used in high performance applications, it is important to
6

increase the energy absorption of syntactic foams without losing the mechanical strength for
achieving high fracture toughness. Studies [16] have shown that the energy absorption of
syntactic foams can be increased dramatically with gradient structures. The gradient structure
can be fabricated by two ways: either by changing the volume fraction of microballoons in each
layer or by changing the radius ratio (η) of microballoon in each layer.

The schematic

representation of two gradient structures type syntactic foams are shown in Figure 4. Out of
these two methods, the radius ratio (η) variant gradient syntactic foams have great design
flexibility and control over final properties.

Compressive properties are not found to be

significantly improved in gradient structure fabricated with the variation in microballoon volume
fraction [16]. Gupta et al. have created gradient structures with the variation in microballoon
radius ratio (η) by using a foreign material such as adhesive between the layers. Even though
compressive properties were found to significantly improve with Gupta et al. technique, adhesive
layer in the interface is subjected to peeling stresses.
Therefore, in the present study, gradient structures are fabricated without using the
adhesive material in between the layers. Furthermore, the study deals with the effect of layer
sequencing on the compressive properties of gradient structures for the first time. Five different
layer sequencing gradient structures are fabricated using four different microballoons, namely,
S22, S32, S38 and K46. The four microballoons have a variation in radius ratio (η) and thus
creating a variation in their densities. The volume fraction of microballoons in each layer of
gradient structure is maintained constant at 60%. The overall density of five different layer
sequencing gradient structures is maintained same. Fabricated gradient structures are tested for
compression properties on MTS-810 servo hydraulic machine. In addition, impact analysis is
performed on all gradient structures to study the effect of layer sequencing on dynamic
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properties. Impact testing is performed using a Dynatup impact machine and the testing is
performed at 1 m/s, 2 m/s and 3 m/s.

Different wall thickness
microballoons

(a)
(b)
Figure 4 (a) Schematic representation of microballoon volume fraction variant Gradient
structure (b). Microballoons radius ratio (η) variant Gradient structure

1.3 Thesis Organization
Chapter 1 gives a brief introduction to composites and its classification, syntactic foams
(particulate composites) and its advantages and applications.
Chapter 2 includes the previous work performed to study various properties of syntactic
foams.

Synopsis of various studies performed to increase energy absorption, compressive

strength by reinforcing syntactic foams with various fillers and fabricating gradient structures
will be discussed.
Chapter 3 includes the description of various raw materials used in this study and
fabrication procedure for fabricating gradient structures.
Chapter 4 includes the description about testing machines and standards used in this
study.
8

Chapter 5 discusses the flat-wise and edge-wise compressive properties of gradient
structures fabricating using technique developed in this study. Furthermore impact properties of
gradient structures are discussed.
Chapter 6 presents conclusions and future work.
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CHAPTER 2. LITERATURE REVIEW
Solid [24-25] and hollow [26-27] glass filled particulate composites are used as core
materials in composite structures for various weight sensitive applications. Syntactic foams
consisting of hollow glass particles (microballoons) in an epoxy matrix have gained significant
importance as core materials in sandwich composites due to their high damage tolerance [18],
low moisture absorption [28-29], and high specific compressive strength [30]. In order to
fabricate syntactic foams with minimum air entrapment in the matrix, different fabrication
techniques [18,31] were studied by researchers.

It was found that the optimum resin-

microballoon interface can be achieved with minimum void content.
Syntactic foams were used as buoyancy aid materials for under water applications due to
their light weight and superior compressive properties [32-33]. Bunn et al. [32] fabricated
syntactic foams using phenolic microballoons and studied the compressive properties with the
variation in microballoons volume fraction.

They found that the compressive strength of

syntactic foams increased with a decrease in the microballoon volume fractions. Gupta et al.
[33] fabricated syntactic foams using glass microballoons and studied the compressive properties
with the variation in microballoons volume fraction. They found that the compressive strength
of syntactic foams fabricated with glass microballoons was higher compared to syntactic foams
fabricated with phenolic microballoons. Lin et al. [34] reported that the compressive strength of
syntactic foams decreased with an increase in the glass microballoons volume fraction.
D‘Almeida [8] studied the effect of the microballoon size on the compressive properties
of syntactic foams. D‘Almeida concluded that syntactic foams incorporated with smaller size
microballoons show lower yield strength and modulus than syntactic foams incorporated with
larger size microballoons.

Gupta et al. [17-18] studied the effect of density variations of
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microballoons on the compressive properties of syntactic foams. In order to understand the
effect of radius ratio (η) and aspect ratio on the compressive properties of syntactic foams, Gupta
et al. conducted compressive tests on syntactic foams fabricated using S22, S32, S37, S38, and
K46 microballoons. The difference between five microballoons used in their study was the
radius ratio (η) of microballoons and thus the density of microballoon in syntactic foam. Gupta
et al. [17] observed that the compressive strength and modulus of syntactic foams were
dependent on microballoon radius ratio (η) and specimen aspect ratio. Density of microballoon
is dependent on the radius ratio (η). Higher value of radius ratio (η) leads to light weight and
thin walled microballoon. On contrary, lower radius ratio leads to high density and thick walled
microballoons [17,35].

Gupta et al. found that the compressive strength and modulus of

syntactic foams incorporated with lower radius ratio (η) microballoons was higher compared to
the syntactic foams with higher radius ratio (η) microballoons. They observed that the stressstrain curves of syntactic foams typically show a stress-plateau (Figure 5) similar to those of high
energy absorption materials [35]. Lower density foams show a larger stress-plateau but lower
strength compared to higher density foams. Larger stress plateau is a typical characteristic of
high energy absorption materials. On contrary, higher density foams show high strength and
lower plateau region.
Comparing flat-wise and edge-wise compression properties of syntactic foams fabricated
with varying radius ratios (η), Gupta et al. [17] concluded that the edge-wise compressive
modulus and compressive strength are superior to that of flat-wise compression properties.
Gupta et al. observed that the edge-wise compression failure of foam specimens was due to
vertical splitting caused by the shear cracks from corners. Kim et al. studied the compressive
failure mechanism of syntactic foam having varying concentration of resin [36]. Kim et al.
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concluded that longitudinal splitting and layer crushing of specimen takes place under
compression.

80

650 Kg/m3
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60

40
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20

0
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20

30

40

50
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Figure 5 Stress plateau behavior with different density microballoons syntactic foams [35]

Effect of microballoon radius ratio (η) and volume fraction on the tensile properties of
syntactic foams was studied by Gupta and Nagony [37]. They found that syntactic foams
fabricated with high density microballoons exhibited high tensile strength and modulus. It was
also found that the tensile strength and modulus values of syntactic foams decrease with an
increase in volume fraction for similar density microballoons. Effect of microballoon volume
fraction on the tensile behavior of syntactic foams was studied by Kishore et al. [38]. Kishore et
al. concluded that the tensile modulus and strength increase linearly with a decrease in the
microballoon volume fraction.
As syntactic foams are used in naval applications, understanding the effect of moisture on
compressive properties of syntactic foams is important. Gupta and Woldesenbet performed
hygrothermal studies [28] on syntactic foams to understand the effect of moisture on
compressive properties. They concluded that the modulus value decrease with an increase in the

12

moisture content of the specimen. It was also observed that the compressive yield strength
decrease with an increase in temperature.
In addition to quasi-static studies, dynamic studies of syntactic foams are also important
due to their extensive use in sandwich structures for automobile applications [39-44]. It was
found that the impact properties of syntactic foams increase with an increase in microballoon
volume fraction [44]. Kim and Kamis [45] studied the effect of microballoons volume fraction
on impact properties of syntactic foams.

Kim and Kamis found that the impact energy

absorption increase with an increase in the volume fraction of microballoons.

Effect of

microballoon wall thickness on dynamic response of syntactic foams was studied by
Woldesenbet [46-47]. Woldesenbet concluded that syntactic foams fabricated with thinner wall
microballoons possess lower initiation energy but higher propagation energy compared to
syntactic foams fabricated with thicker wall microballoons. Also, the maximum load values
sustained by syntactic foams in impact increased with an increase in the wall thickness of
microballoons.
Due to the usage of these syntactic foams as core materials in sandwich structures,
properties of sandwich structures need to be analyzed. Sandwich composites are fabricated by
attaching two thin but stiff skins on both sides of the light weight core material. Gupta et al. [48]
performed the compression tests on sandwich structures. Gupta et al. observed that the skin on
the sandwich structure does not provide significant improvement in the flat wise compression
properties compared to plain syntactic foams core.

However, the edge wise compression

properties are affected by the skin on the sandwich structure. The skin present on the sandwich
structure increased the edge-wise compression properties compared to syntactic foam core.
Rizzi et al. [49] performed compression and tensile tests on sandwich structures and concluded
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that the tensile modulus of sandwich structures was higher than its compressive modulus. Li and
Muthyala [50] studied the hybrid core sandwich structures as a combination of ortho-grid and
foam core. They observed that the hybrid core sandwich structure provided a better elastic
response and higher energy absorption. They have concluded that the better elastic response and
higher energy absorption were due to the ability of syntactic foam core to absorb the energy of
impact whereas, grid skeleton was able to stop the damage propagation due to impact. Li and
Sandeep studied syntactic foams as a core material in iso-grid structures [51]. Compared to
ortho-grid structures, the iso-grid structures resist different forces such as tension, compression,
shear and flexural loads. With the same volume fraction of fiber and foam, iso-grid stiffened
sandwich structures usually have higher initiation and propagation energy values when compared
to the laminate structure.
Flexural properties of syntactic foam sandwich structures were studied by Gupta and
Woldesenbet. They have performed three and four point bending and short beam shear test on
syntactic foam core sandwich structures [52]. From their studies, Gupta and Woldesenbet
concluded that the values of core shear stress and facing bending stress obtained in three-point
and four-point tests were independent of wall thickness of microballoons. In short beam shear
test, the core shear stress and facing bending stress were found to decrease with an increase in
the wall thickness of microballoons. Flexural studies performed with microballoons volume
fraction variation [24] concluded that the fracture toughness and flexural strength of syntactic
foams sandwich structure decrease with an increase in the volume fraction of microballoons.
Kim and Kemis [45] tested syntactic foam sandwich structures for flexural properties and
concluded that the flexural modulus decreased with an increase in microballoon volume fraction.
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High strain rate studies of syntactic foams are very important for design and analysis of
composite structures under dynamic loading conditions [53-54]. The effect of wall thickness on
high strain rate properties of syntactic foams were studied [55]. These studies observed that the
peak strength and elastic modulus values of syntactic foams increased with an increase in the
strain rate and/or wall thickness of microballoons.

Composites fabricated with K46

microballoons (smaller radius ratio) showed higher strength, modulus and energy absorption as
compared to composite foams having S22 microballoons at same strain rates [55]. Furthermore,
compressive and high strain rate properties of syntactic foams fabricated with varying volume
fraction and/or radius ratio (η) are widely studied in the published literature [56]. Studies
concluded that the high strain properties decreased with an increase in the microballoon volume
fraction and/or radius ratio (η). Yen et al. [57] found that the fracture resistance of syntactic
foams increased with an increase in the strain rate.
In order to understand the distribution of porosity within the syntactic foam along with
computation of mechanical properties, nondestructive characterization techniques such as
ultrasonic, acoustic emission, eddy current can be performed. Ultrasonic studies of syntactic
foams are very important in order to characterize the defects in the specimen during fabrication.
The internal defects and structure of a material affect the quasi-static and dynamic properties.
Also, ultrasonic studies are useful to observe the extent of damage occurred in syntactic foams
during impact testing. Ray et al. [58] studied the air entrapment and defects in fiber reinforced
particulate composites using non-destructive techniques such as thermal imaging, ultrasonic (Ascan and C-scan) and scanning electron microscopy. Mylavarapu and Woldesenbet [59] studied
the effect of microballoon wall thickness and volume fraction on ultrasonic properties such as
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velocity and attenuation. Through their studies, they were able to predict the dynamic modulus
and Poison‘s ratio of syntactic foams using ultrasonic characterization.
With the usage of these syntactic foam materials in high performance applications,
enhancement of energy absorption and mechanical properties of syntactic foams are required.
Studies have shown that quasi-static and dynamic properties of syntactic foams can be improved
by adding rubber particles, nanoclay, nanotubes, nanofibers, fibers. Gupta et al. studied the
compressive properties of nanoclay reinforced syntactic foams and observed that the energy
absorption increased by 80%-200% compared to plain syntactic foams [60]. Peter et al. [55]
studied the compressive behavior of nanoclay syntactic foams and concluded that the
compressive strength and modulus values were higher at 1% inclusion of nanoclay. Peter et al.
also studied the effect of microballoon density on high strain rate compressive properties of
syntactic foams. Peter et al. concluded that composite foams subjected to high strain rate
showed higher strength and modulus as compared to those subjected to lower strain rates.
Maharsia and Jerro [61] studied the tensile behavior of nanoclay included syntactic foams and
concluded that the tensile strength increased with the inclusion of nanoclay. Woldesenbet
studied the impact properties of nanoclay reinforced syntactic foams [46].

Woldesenbet

concluded that the incorporation of nanoclay in syntactic foams increased the maximum load and
initiation energy of both S22 and K46 microballoon syntactic foams. The peak strengths were
achieved at 1% volume fraction of nanoclay addition in syntactic foam. Zheng et al. [62] found
that the impact strength and modulus values of syntactic foams increased with an addition of
nanoclay to matrix. Li and Nji [63] observed that the impact energy absorbed by the rubberized
particle syntactic foam was higher compared to that of plain syntactic foams or pure epoxy.
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Even though the energy absorption and strength of syntactic foams increased with
nanoclay inclusion, agglomeration of nanoclay at volume fractions more than 1% is an obstacle
for enhancement of material properties. Also, the mechanical properties of nanoclay reinforced
syntactic foams were not found to be improved significantly due to agglomeration of nanoclay at
higher microballoon volume fractions [55]. At higher microballoon volume fractions, stress
concentrations and voids formed due to less amount of matrix and lack of uniform dispersion of
nanoclay reduce the strength of the composites at all strain rates. In order to increase the energy
absorption of syntactic foams without reducing the strength, researchers studied syntactic foams
as gradient structures [16,64-66]. Gradient structures can be created either by varying the
microballoons volume fraction or by varying the radius ratio (η) of microballoons. Initially the
studies of Functionally Gradient Syntactic Foams (FGSFs) are synthesized with the variation in
microballoons volume fraction (Vmb) along one dimension of the material structure. The FGSFs
created with the variation in microballoons volume fraction showed a sudden drop of 40% - 60%
in stress values immediately after attaining the peak compressive strength [16]. These studies
have achieved limited enhancement in compressive properties compared to the plain syntactic
foams. Gupta et al. [16] studied FGSFs with microballoons volume fraction variation and
concluded that the energy absorption of microballoons volume fraction variant gradient
structures is not found to be significantly improved. Additionally, these foams undergo nonuniform stress concentrations causing catastrophic failure originating in the matrix rich side of
the specimen, especially when the matrix is a brittle polymer such as epoxy resin. Warping of
the material after being exposed to changing temperature or moisture conditions due to the
difference in the coefficient of thermal expansion also causes instability in the material.
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In order to overcome some of these limitations, Gupta et al. [16,67] fabricated FGSF
specimens with a gradient in the radius ratio (η) of microballoons. However, FGSF‘s were
fabricated by joining syntactic foam layers using an adhesive bond. Gupta et al. observed that
the energy absorption of FGSF‘s was more than that of plain foams. Also, no sudden drops in
stress were observed after the peak strength. Gupta et al. also found that the properties of
gradient structures always depend on the weakest layer of the configuration. However, it is
evident that peeling stresses are high in adhesively bonded composites [68] and generally cause
transverse failure. Also, the properties of adhesively bonded materials depend on the adhesive
material in addition to matrix material, microballoon volume fraction and microballoon radius
ratio (η). Due to this reason, FGSF specimens in the present study are fabricated without using
any foreign material such as adhesive material in between the layers.
Even though several studies are performed to study the quasi-static and impact behavior
of plain syntactic foams, very little information is available on quasi-static and dynamic analysis
of gradient structures. Also, no study is available on the layer sequencing effect on compression
and impact properties of gradient syntactic foams. As these materials are widely used in various
high strength and high energy absorption applications, extensive study of quasi-static and
dynamic properties of gradient syntactic foams is required.
Hence, in the current study a fabrication method is developed for gradient structures.
Four types of microballoons namely S22, S32, S38, and K46 are used to create gradient
structures based on variation in microballoons radius ratio (η). Five different layer sequencing
configurations are fabricated to understand the layer sequencing effect on compression and
impact properties of gradient structures. Out of these five configurations, four configurations are
fabricated as symmetrical configurations and a fifth one as unsymmetrical configuration. Quasi-
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static flat-wise and edge-wise compression tests are conducted on these gradient structures using
Instron MTS-810 servo hydraulic machine. The compressive yield strength, energy absorption
and modulus values are calculated in quasi-static test using load vs. elongation curve obtained
during testing of these materials. The effect of layer sequencing on compressive properties along
with advantages of this new fabrication technique over previous techniques are analyzed and
discussed.

Also, impact testing is performed on gradient structures with different layer

sequencing on Instron Dynatup 8250 impact testing machine. The impact results of five gradient
structures are compared to one another to understand the layer sequencing effect on impact
properties.
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CHAPTER 3. RAW MATERIALS AND FABRICATION
3.1 Raw Materials
3.1.1 Glass Microballoons
The glass microballoons used in this study are non-porous in nature and are
manufactured and supplied by 3M Company under the trade name of ‗Scotchlite‘. Four types of
microballoons, namely S22, S32, S38 and K46, are used in this study. These microballoons are
hollow spherical particles of chemically-stable soda-lime-borosilicate glass. Physical properties
of selected microballoons, supplied by the manufacturer, are presented in Table 1. Microballoon
types S32, S38 and K46 selected for this research have the same mean outer diameter of 40 µm
whereas microballoon type S22 has a mean outer diameter of 35 µm. The mean inner diameter
is calculated by taking the difference in the average true particle density of solid and hollow
particles made up of same material. Subsequently, the average wall thickness of microballoons
is calculated. The difference in wall thickness of different types of microballoons causes the
difference in their density. The calculated radius ratio (η) for all types of microballoons is also
given in Table 1.

The microballoon type in Table 1 is the manufacturer‘s code for the

identification of selected microballoons.

Micro
Balloon
Type
S22
S32
S38
K46

Table 1 Microballoons size distribution and radius ratio
Microballoon Size Distribution
Average
Average
Radius
True
(m)
Wall
Ratio (η)
particle
Thickness
10th
10th
50th
90th
Density
(µm)
percentile
percentile percentile percentile
(kg/m3)
20
35
60
220
0.52
0.9703
20
40
75
320
0.88
0.9561
15
40
75
380
1,05
0.9474
15
40
70
460
1.29
0.9356
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3.1.2 Resin
Resin is a basic constituent in the matrix system. The epoxy resin diglycidylether of
bisphenol-A (DGEBA) having a trade name D.E.R. 332 is used in this study. It is manufactured
by DOW Chemical Company. D.E.R.332 has a tendency to crystallize if stored at a temperature
below 25°C [69]. Crystallization is induced by the chilling and seeding of dust particles or
incorporation of filler materials. On the other hand, D.E.R 332 can regain its liquid state by
heating at 50-55°C, and the heating process of resin does not affect its performance [70].
However, long-term warm storage may result in slight discoloration.

The typical properties of

D.E.R 332 given by DOW Chemical Company are mentioned in Table 2.

Table 2 D.E.R 332 epoxy resin typical properties
Properties
Values
Density at 25 °C

1160 kg/m3

Flash point

252 °C

Viscosity at 25 °C 4000-6000 mPas
Appearance

Clear liquid

Weight at 25 °C

9.7 lbs/Gal

Shelf life

24 months

3.1.3 Diluent
C12-C14 aliphatic mono-glycidyl ether is used in the matrix system as a diluent to reduce
the viscosity of resin. It has a trade name of Erisys GE-8 and is manufactured and supplied by
CVC Specialty Chemicals. The compatibility of diluent with epoxy resin at all concentrations is
studied [71]. The amount of diluent used in the resin system, affects the gel time and curing
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properties [71]. In this study, diluent is used at 5% volume fraction of matrix system. The
typical properties given by CVC chemicals are mentioned in Table 3.

Table 3 Typical properties of Erisys GE-8 diluent
Properties
Values
Density

890 kg/m3

Flash point

95 °C

Viscosity at 25 °C

5-10 mPas

Appearance

Clear liquid, clean

Weight at 25 °C

7.4 lbs/Gal

3.1.4 Hardener
Hardener D.E.H 24 is used as a curing agent for the fabricated sample. D.E.H 24 is a
liquid aliphatic polyamine curing agent called triethylene-tetra-amine (TETA).

Due to its

hygroscopic nature [72], D.E.H.24 is stored in its original closed packaging. In this study,
hardener is used at 13% volume fraction of matrix system. The typical properties of hardener
given by DOW chemicals are mentioned in Table 4.

Table 4 Typical properties of D.E.H 24 epoxy curing agent
Properties
Values
Density

981 kg/m3

Flash point

118 °C

Viscosity at 25 °C

27 mPas

Appearance

Clear liquid

Shelf life

24 months
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3.2 Fabrication Method
Five different configurations of IFGSF composites as shown in Figure 6 are fabricated in
this study. Four types of microballoons, namely, S22, S32, S38, and K46 are used in this study
to fabricate the gradient structures. Symmetric and unsymmetrical configurations of gradient
structures are fabricated. In symmetric IFGSF composites, two of the four microballoons are
used.

One unsymmetrical configuration of IFGSF structure is fabricated using all four

microballoon types.

The unsymmetrical IFGSF configuration is fabricated to show the

advantages of this layer over layer integrated technique over adhesively bonded technique used
in Gupta et al. [16]. For comparing the IFGSF structure with adhesively bonded FGSF, IFGSF
structure is fabricated with the same layer sequencing to that of adhesively bonded FGSF
structure. The volume fraction of microballoons is maintained constant at 60% in each of the
syntactic foam layer. The overall density of all IFGSF samples is maintained constant. For
fabrication of IFGSF structure, the resin is preheated in an oven at 50-55 °C for 24 hours to
restore to its liquid state. This reduces the viscosity of resin and helps in better wetting of
microballoons during mixing. The resin is then removed from the oven and 5% diluent is added
to further reduce its viscosity. The mixture is cooled to ambient temperature before hardener is
added as a rise in temperature of mixture could lead to exothermic reaction damaging the
composite. Hardener is added after the resin mixture is cooled to ambient temperature. This
final mixture is called matrix system. To this resin mixture, microballoons are mechanically
mixed carefully without breaking. The microballoon and resin mixture is poured in the square
aluminum mold as shown in Figure 7. The thickness of each syntactic foam layer is maintained
by using aluminum strips on each side of the mold. The inner volume of the mold cavity is
305×305×20 mm3. Flatness of the each layer is maintained using a level indicator. Before the
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second layer is poured over the base layer, the base layer is allowed to partially solidify.
Additional layers are prepared in the second mold as mentioned above and laid over the base
layers to prepare IFGSF structure. This process continues until all the layers are set.
The fabricated IFGSF structure is kept under vacuum for 30 to 45 min to reduce the void
content. Figure 8 – Figure 14 show the pictorial representation of layer over layer integrated
fabrication technique for gradient structures. Casted IFGSF slabs are cured at room temperature
for 24 hours and post cured at 100±3°C for 3 hours. Figure 15 shows the fabricated IFGSF
composite foam after post curing process is completed. In order to show the enhancement of
compression properties of IFGSF structures, plain syntactic foams with similar density are
fabricated using the same method as that of individual layers of IFGSF composite.

S38

S32

K46

S32

S38

S22

S32

S38

S22

S38

S32

K46

S22

S22

K46
K46

S32
S38

S22

K46

Figure 6 Pictorial representation of five IFGSF configurations
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Mold Base
Strips for thickness increment

Figure 7 Schematic representation of mold assembly and strips

Figure 8 Syntactic Foam Mixture is poured in Base Mold

Figure 9 Leveling the base layer to achieve the perfect flat surface
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Figure 10 Glass plate covered with Teflon kept over second mold for second layer fabrication

Figure 11 Prepared second layer over glass plate is integrating with the base layer

Figure 12 Perfect arrangement of second layer to align with the base layer
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Figure 13 Uniform force is applied over integrated layers of gradient structure

Figure 14 Remove the glass plate from gradient structure after perfect layer integration

Figure 15 Final fabricated IFGSF sample
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3.3 Density Measurement
The density of the fabricated syntactic foam composites is measured using ASTM C 27194 standard [73]. Porosity is one factor, which affects the properties of syntactic foams. The
fabricated samples have porosity within the microballoons, known as closed cell porosity and
also in the matrix material due to mechanical mixing process, known as open cell porosity.
Calculated values of density and open cell porosity (void content) of fabricated syntactic foams
are shown in Table 5.

Table 5 Measured densities and open cell porosity in FGSF configurations
Density(kg/m3)
Open Cell Porosity (%)
Theoretical
FGSF
Density
Configuration
Flat-wise
Edge-wise
Flat-wise
Edge-wise
(kg/m3)
Sample
Sample
Sample
Sample
K46-S38-S32-S22
655
629 ± 4.8
640.2±2.3
3.96 ± 0.7
2.38±0.2
K46-S22-S22-K46
652
623 ± 4.6
638.6±2.8
4.50 ± 0.7
2.28±0.3
S22-K46-K46-S22
658
627 ± 4.2
641.5±3.0
3.83 ± 0.6
2.10±0.2
S32-S38-S38-S32
658
622 ± 2.4
635.7±1.5
5.45 ± 0.4
3.40±0.2
S38-S32-S32-S38
658
628 ± 4.9
638.6±3.5
4.55 ± 0.7
3.34±0.2
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CHAPTER 4. EXPERIMENTAL SETUP
4.1 MTS-810 Servo Hydraulic Machine

Upper and
lower jaws

Data collection
system

Figure
Instronrepresentation
MTS-810 servoofhydraulic
machineservo hydraulic machine
Fig.
16 16
Pictorial
Inston MTS-810
In this research work, quasi-static flat-wise and edge-wise compression tests are
conducted on IFGSF structures using Instron MTS-810 servo hydraulic testing machine as
shown in Figure 16. An Instron Data Acquisition software is used to acquire data from the
machine during testing. In the present study, the crosshead speed is maintained at 1.3 mm/min.
Five specimens from each IFGSF configuration are tested to show the repeatability of results.
Load and displacement values are acquired from the MTS machine.
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4.2 Instron-8250 DYNATUP Impact Testing Machine

Drop Weight

Data
Acquisition
system

Pneumatic
Brakes
Chamber
Tup Assembly

Environmental
Chamber

Figure 17 Instron Dynatup 8250 impact testing machine

In this study, Instron Dynatup 8250 machine is used for impact testing of IFGSF
structures as shown in Figure 17. The tup assembly of impact machine is shown in Figure18.
During testing, the impact data is acquired by using Impulse Data Acquisition software. Load,
energy, displacement and velocity readings with respect to time are acquired by the software.
Data is plotted and the initiation, propagation and maximum energies, along with maximum load
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sustained by the specimen are calculated. The energy corresponding to the maximum load in the
load vs. time curve is called initiation energy. Initiation energy is defined as the amount of strain
energy transferred elastically by the target [63]. Initiation energy can be also defined as the
energy absorbed by the material before initiation of failure. Propagation energy is defined as the
difference between maximum impact energy and the initiation energy [63]. Propagation energy
is nothing but the energy absorbed by the specimen during failure. For example, the energy
required to crush or fracture microballoons is accounted as propagation energy in this study. The
energy absorbed by the specimen for progression of micro cracks into macro cracks is also
accounted in propagation energy [63]. In this study, impact testing is performed on IFGSFs at
three different impact velocities of 1m/s, 2m/s and 3m/s with a hammer weight of 3.4kg.

Hemispherical
Tup
Hemispherical Tup

Figure 18 Dynatup impact machine tup assembly

4.3 Quasi- Static Flat-Wise Compression Standard and Specimen Size
Five samples of each of the five IFGSF configurations are tested for quasi static flat-wise
compression properties using servo-hydraulic MTS machine according to ASTM C 365/C
365M-05 standard [74]. The sample dimensions in quasi-static compression tests are maintained
at approximately 32×32×16 mm3. Samples are compressed at a loading rate of 1.3 mm/min.
Load, displacement and compressive yield strength values are recorded for each of the samples
in compression testing.
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4.4 Quasi- Static Edge-Wise Compression Standard and Specimen Size
Five samples of each of the five IFGSF configurations are tested for quasi static edgewise compression properties using servo-hydraulic MTS machine according to ASTM D 695-96
standard [75].

The sample dimensions in quasi-static compression tests are maintained at

16×16×32 mm3. Samples are compressed at a loading rate of 1.3 mm/min. Load, displacement
and compressive yield strength values are recorded for each of the samples in compression
testing.
4.5 Impact Testing Standard and Specimen Size
Three samples from each type of IFGSF configuration are tested for impact properties on
DYNATUP model 8250 impact machine. Sample dimensions are maintained at 101.6 x 101.6 x
16 mm3 (equivalent to 4 x 4 x 0.6 inch3). The mass of the drop-weight and tup assembly used in
impact testing is 3.4 kg. The impactor has a hemispherical tup of 16 mm diameter. The impact
velocities used are 1, 2 and 3 m/s with an error of +0.16 m/s in the machine.
4.6 Ultrasonic Inspection
Ultrasonic testing is performed on the fabricated IFGSF structure to know the internal
voids and disbands at layer interface. The ultrasonic testing apparatus used in this research is
UltraPac, manufactured by the Physical Acoustics Laboratory (Princeton, NJ, USA). It is a
water immersion system that can be used in pulse-echo and through-transmission test modes
(Figure 19). The machine is run by ULTRAWIN software equipped with a programmable pulse
receiver board (PAC-IPR-100) with 100 MHz bandwidth and a digitizer card (PAC-AD-500)
with 500 MHz base sampling rate. The system is automated with three electric motors for the
different axes motions and an electric motor control.
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Figure 19 Ultrasonic testing machine used to perform C-scan
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CHAPTER 5. RESULTS AND DISCUSSIONS
Compression properties and low velocity impact properties of IFGSF structures with
different layer sequencing are analyzed in this study. Out of the five configurations, four IFGSF
configurations namely, S22-K46-K46-S22, K46-S22-S22-K46, S32-S38-S38-S32, and S38-S32S32-S38 have symmetric configurations, while K46-S38-S32-S22 is an unsymmetrical
configuration. In order to show the advantage of IFGSF fabrication technique over adhesively
bonded FGSF technique, unsymmetrical configuration is fabricated using the similar layer
sequencing to that of adhesively bonded FGSF layer sequencing. The IFGSFs are tested for flatwise and edge-wise compression properties. Flat-wise compression properties are compared
with compression properties of plain syntactic foams and with adhesively bonded FGSFs. Edgewise compression properties of IFGSFs are compared with edge-wise compression properties of
plain syntactic foams with similar density. In order to study the effect of layer sequencing on
compression properties of IFGSFs, the results from different configurations are compared to one
another. Furthermore, the crack propagation behavior of flat-wise and edge-wise IFGSFs are
monitored and analyzed with SEM and OM.
In addition to quasi-static compression properties, low velocity impact analysis is
performed on five different layer sequencing IFGSF specimens using Instron Dynatup 8250
impact machine. The maximum load, initiation energy and propagation energy values are
recorded from load vs. time and energy vs. time plots.
5.1 Flat-Wise Compression
The stress-strain graphs obtained from flat-wise compression testing of IFGSF are shown
in Figure 20.

Repeatability observed in five different specimens of each type of IFGSF

configuration is also shown in Figure 20. It is observed that the scattering in the stress-strain
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graphs is very small. Flat-wise compressive modulus, yield strength and energy absorption
values are calculated from stress-strain graphs and are shown in Table 6. Flat-wise compressive
modulus for different IFGSF configurations is calculated using ASTM standard C 365/C 365M005 [74]. Energy absorption values of IFGSFs are calculated by calculating the area under the
stress-strain plot.
A comparison of stress-strain graphs of IFGSF and plain syntactic foams is shown in
Figure 21. From Figure 21, it can be observed that the stress-strain plateau of IFGSF extends
from 8% to 60% strain in contrast to an extension from 10% to 20% for plain syntactic foams
with similar density. Therefore, compared to plain syntactic foams, the energy absorptions of
K46-S22-S22-K46, S22-K46-K46-S22, S38-S32-S32-S38, S32-S38-S38-S32 and K46-S38-S32S22 IFGSFs are increased by 210%, 263%, 230%, 280% and 240%, respectively. This increase
in energy absorption can be attributed to the high energy absorption by low density layers. The
low density layers take high energy due to their high densification of microballoons. The high
density layers in IFGSF contribute more to the strength of the IFGSF structure.

Table 6 Flat-wise compressive properties of plain and IFGSF configurations
Average
Average Compressive
Energy
Type of FGSF
Compressive
Yield Strength
Absorption
Specimen
Modulus
(MPa)
(MPa-mm/mm)
(MPa)
S22-K46-K46-S22
703.3±10
42.54±0.9
31.0±1.2
K46-S22-S22-K46
722.7±20
42.72±1.6
26.42±0.5
S32-S38-S38-S32
795.0±15
60.34±0.3
32.50±0.2
S38-S32-S32-S38
783.9±13
60.89±0.8
28.22±0.6
K46-S38-S32-S22
722.4±17
49.38±1.4
28.98±0.5
Plain Foam
585.7±6
47.90±1.7
8.54±0.4
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Figure 20 Stress-Strain plots of IFGSF configurations to show the repeatability
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Figure 21 Stress- strain plots comparison of IFGSF,adhesive FGSF and plain foam
Comparing to adhesively bonded FGSF, it is also observed that there is an improvement
in compressive yield strength and energy absorption values of IFGSFs (Figure 21). It is evident
that the compressive yield strength values have increased from around 32.7 MPa for adhesively
bonded FGSF to 49 MPa for IFGSF, an increase of 50%. Additionally, it is found that the
overall energy absorption of IFGSF (28.9 MPa-mm/mm) is found to be 75% more than the
energy absorption of adhesively bonded FGSFs (16.5 MPa-mm/mm).

The increase in

compressive properties of IFGSFs can be attributed to the difference in interfacial bonding
between the two fabrication methods. In this study, gradient structures are fabricated by layer
over layer integrated technique using the chemical interaction between layers rather than a
foreign material such as an adhesive material. The compressive properties of adhesively bonded
FGSF specimens are also dependent on the adhesive material in addition to the matrix material,
type of microballoon, volume fraction of microballoons, and radius ratio (η). In addition,
peeling stresses are present in adhesively bonded FGSF structures. However, peeling stresses
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are found to be minimal in IFGSFs. Therefore, it can be concluded that the layer over layer
integrated technique enhances the compressive properties of gradient structures as compared to
adhesively bonded FGSF technique.
In order to study the effect of layer sequencing on the compression properties of gradient
structures, stress-strain graphs from different IFGSF configurations are compared to one another
and are shown in Figure 22. From Figure 22 and Table 6, it is found that the compressive yield
strength, modulus and energy absorption values of S32-S38-S38-S32 and S38-S32-S32-S38
IFGSFs are higher compared to S22-K46-K46-S22, K46-S22-S22-K46 and K46-S38-S32-S22
IFGSF configurations. This difference in compressive properties between IFGSFs is due to the
weakest layer effect on the flat-wise compressive properties of IFGSF configurations. The
weakest layer in S32-S38-S38-S32 and S38-S32-S32-S38 configurations is S32, whereas in S22K46-K46-S22, K46-S22-S22-K46 and K46-S38-S32-S22 configurations are S22.

The S22

microballoon has higher radius ratio, lower density, and lower strength compared to S32
microballoon. Therefore the S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs have superior
compressive properties compared to other IFGSFs used in this study.
From Figure 22, it is also found that all stress-strain plots of symmetric IFGSF
configurations do not follow a similar trend. It is observed that the stress-strain curves obtained
from S32-S38-S38-S32 and S38-S32-S32-S38 increased until yield point and then continued a
flat trend until 50% of strain. Further, the curve slope increased dramatically after 60 % of strain
and reached a consolidation point. However, the stress-strain curves of S22-K46-K46-S22 and
K46-S22-S22-K46 IFGSFs did not follow a smooth stress-strain curve. In these configurations,
the curves tend to peak at 30% strain corresponding to the stress level where the cracks
propagate into the K46 layer due to the influence of secondary tensile stresses. Due to the
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propagation of crack through K46, a fall in stress value is observed (Figure 22). Further, the
curves followed a smooth increasing trend until 60% of strain, ultimately reaching to its
consolidation point. The difference in stress-strain plots is due to the difference in the radius
ratio (η) of the microballoons in those IFGSF configurations. The radius ratio difference (η)
between S32 and S38 microballoons is small compared to the radius ratio difference between
K46 and S22 microballoons.

In S22-K46-K46-S22 and K46-S22-S22-K46 IFGSF

configurations, the densification of S22 completes at 25 to 30% of strain. Thereafter K46
microballoons resist deformation until the individual K46 syntactic foam layer attains its yield
stress limit. On contrary, in S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs, as the radius ratio
(η) difference between S32 and S38 microballoons is small, the densification and crack
propagation of S32 and S38 layers happens simultaneously. This is caused by smaller yield
strength differences between S32 and S38 syntactic foams compared to the yield strength
differences between K46 and S22 syntactic foams.
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Figure 22 Flat-wise stress strain plots comparison of different layer sequencing IFGSFs
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From Figure 22 and Table 6, it is also found that the energy absorption values in IFGSFs
with central denser layers such as S22-K46-K46-S22 and S32-S38-S38-S32 are higher compared
to their counter configurations.

Additionally, the IFGSFs with central denser layers

arrangements are structurally more stable. It is evident that the failure of structures always
initiate at the weakest point. Therefore, the integrated structures with two weakest layers (low
density layers) at the center have more localized failures. On further loading the micro localized
failures become macro failures within short period time thereby causing overall structural
instability. However, the IFGSFs with two stiffer layers at the center are structurally stable due
to the smaller number of localized failures.

Also, the stiffer layers at the center resist

deformation until the development of higher stresses because of their locations sandwiched
between the weaker layers. Thus, it is evident that compression properties of IFGSFs are
affected by the layer sequencing.
The layer sequencing effect on the crack propagation behavior of IFGSF structures is
monitored and the crack propagation images of different configurations used in this study are
shown in Figure 23. In all IFGSF configurations, densification of microballoons and initiation of
crack always takes place in the weakest layer (lower density layer) and then propagates towards
the higher density layers upon loading, as shown in Figure 23. In flat-wise compression, even
though equal compressive stress is applied on all the layers of IFGSF structure, because of the
low density layers having low strength compared to high density layers, the crack initiates in the
low density layer. From Figure 23(a), it is found that in K46-S38-S32-S22 IFGSF configuration,
the crack is initiated in the weakest layer, S22, and then propagates through S32, S38, and K46
layers upon further loading. From Figure 23(b) and Figure 23(c), it is observed that in S32-S38S32-S38 and S38-S32-S32-S38 IFGSF configurations, the crack is initiated in the weakest layer
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S32, and then propagates to S38 layer as the load increased. Even in S22-K46-K46-S22 and
K46-S22-S22-K46 IFGSF configurations, the crack is initiated in the weakest layer S22 and
propagates towards the higher density layer K46 as the load increased.

Figure 23 (a) Crack initiation and densification of S22 layer. (b) Crack initiation and
densification of S32 layer. (c) Densification of S32 and crack through S38 layer. (d) Crack
initiation and densification of S22. (e) Densification of S22 and crack through K46
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However, the crack propagation behavior is found to be varying with the layer
sequencing of the IFGSF configuration.

From Figure 23(b) and Figure 23(c), the crack

propagation behavior of S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs are different even
though they are fabricated with S32 and S38 microballoons. In the configuration with S38 layers
in the central plane (S32-S38-S38-S32) (Figure 23(b)), the crack propagates through the two
denser layers (S38) of the IFGSF with partial densification of the S32 layers. The denser layers
(stiffer layers) together at the center sustain more compressive stress compared to the same
placed as outer single layers in the IFGSF structure. However, from Figure 23(c), it can be
observed that in S38-S32-S32-S38 configuration, the complete densification and crushing of S32
layers is preceded by the crack propagation into the S38 layers. This is due to the weaker layers
together at the center have more localized failures compared to stiffer layers together at the
center. These micro localized failures in weaker layers become macro failures causing structural
instability and peeling at the edges of the weaker layer S32. Also, weaker layers together allow
more deformation without creating any failure in stiffer layers until their complete densification.
Also, the difference in crack propagation behavior of S32-S38-S38-S32 and S38-S32S32-S38 IFGSFs is attributed to the fact that S32 layer in the central plane (S38-S32-S32-S38)
has partial structural instability due to more localized failures of microballoons in the central
layer. This structural instability is characterized by sliding and shear of S32 layer as well as peel
out of part of S32 layer edges caused by secondary tensile stresses. The energy absorption in the
S32-S38-S38-S32 IFGSF configuration is also found to be more compared to that of S38-S32S32-S38 layer due to the same reason.
From Figure 23(d) and Figure 23(e), the crack propagation behavior of S22-K46-K46S22 and K46-S22-S22-K46 IFGSFs are different even though they are fabricated with S22 and
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K46 microballoons. In the configuration with K46 layers in the central plane (S22-K46-K46S22), the crack propagates through the two denser layers (K46) of the IFGSF with partial
densification of the S22 layers (Figure 23(d)). The denser layers (stiffer layers) together at the
center sustain more compressive stress compared to the same placed as outer single layers in the
IFGSF structure. However, from Figure 23(e), it can be observed that the complete densification
and crushing of S22 layers is preceded by the crack propagation into the K46 layers. This is due
to the weaker layers together at the center have more localized failures compared to stiffer layers
together at the center. These micro localized failures in weaker layers become macro failures,
which cause structural instability and peeling at the edges of the weaker layer S22. Also, weaker
layers together allow more deformation without creating any failure in stiffer layers until their
complete densification.
Also, the difference in crack propagation behavior of S22-K46-K46-S22 and K46-S22S22-K46 IFGSFs is attributed to the fact that S22 layer in the central plane (K46-S22-S22-K46)
has partial structural instability due to more localized failures of microballoons in the central
layer. This structural instability is characterized by sliding and shear of S22 layer as well as peel
out of part of S22 layer edges caused by secondary tensile stresses. The energy absorption in the
S22-K46-K46-S22 IFGSF configuration is also found to be more compared to that of K46-S22S22-K46 layer for the same reason.
From Figure 24, it is found that the densification of each layer initiates after attaining the
yield strength of that particular microballoon layer. However, few microballoons break before
this condition due to the localized failures of microballoons. The crack is found to propagate
from lower density layers, S22 and S32, to higher density layers, K46 and S38, without any
densification in S38 and K46 layers due to their brittle and stiffer nature.
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Figure 24(a) – Figure 24(d) show the crack propagation behavior of unsymmetrical
configuration under SEM. Figure 24(a) shows the densification of S22 and S32 microballoons at
layer interface in unsymmetrical configuration. Figure 24(b) - Figure 24(d) show the SEM
images inside the crack in S32, S38, and K46 layers of unsymmetrical configuration. From
Figure 24(b), it is evident that the S32 microballoons inside the crack are partially broken.
Whereas, the S38 and K46 microballoons inside the crack are not broken even though the crack
propagated through those layers due to their brittle nature and high strength. Also, it is found
that the crack propagation from weaker layers through stiffer layers is due to the matrix failure
and interfacial bonding failure between matrix and stiffer microballoons. The densification
differences are due to the difference in yield strength values of individual microballoon layers
caused by the radius ratio (η) of microballoons in IFGSF structure. Higher strength is a typical
characteristic of higher radius ratio (η) microballoon.
Figure 24(e) and Figure 24(f) are the SEM images of the K46-S22-S22-K46 IFGSF
configuration. Figure 24(e) shows the densification of S22 microballoons and unbroken K46
microballoons at layer interface in K46-S22-S22-K46 IFGSF configuration.

The K46

microballoons layer is stiffer and stronger due to their high radius ratio (η) compared to S22
microballoons layer. Furthermore, Figure 24(f) shows the microballoons inside the crack of K46
layer in the same IFGSF configuration. The crack is propagated through K46 layer before any
densification starts. This is due to the matrix failure and interfacial bonding failure between
matrix and K46 microballoon. Also, the K46 layer is brittle and stiffer compared to S22 layer.
Similar densification and crack propagation behavior is observed in all IFGSF configurations
used in this study.
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Figure 24 (a) SEM image of S22 and S32 densification at interface in K46-S38-S32-S22
(b) Microballoons behavior inside the crack of S32 layer in K46-S38-S32-S22
(c) Microballoons behavior inside the crack of S38 layer in K46-S38-S32-S22
(d) Microballoons behavior inside the crack of K46 layer in K46-S38-S32-S22
(e) Densification at S22 and K46 microballoon layers interface in K46-S22-S22-K46
(f) Microballoons behavior inside the crack of K46 layer in K46-S22-S22-K46
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5.2 Edge- Wise Compression
Five specimens from each IFGSF configuration are tested under edge-wise compression.
Stress-strain curves from edge-wise testing of IFGSFs are shown in Figure 25. The variation in
stress-strain curves from similar IFGSF configurations is found to be very small (Figure 25).
From Figure 25, it is evident that the peak strengths of S32-S38-S38-S32 and S38-S32-S32-S38
IFGSFs are attained in the range of 4.5% to 5% strain. Further, stress values fall down sharply
until 7% strain. Also from Figure 25, the peak strengths of S22-K46-K46-S22, K46-S22-S22K46 and K46-S38-S32-S22 IFGSFs are attained at the range of 4% to 4.5% strains and further
follow a sudden drop in stress until to 6% strain. The sudden drop in stress values of five IFGSF
configurations is caused by the propagation of vertical crack in S38 and K46 microballoons
layers in corresponding IFGSF structures. Furthermore, the stress-strain behavior from edgewise compression studies of all IFGSFs show a downward trend until 10% to 12% strain after
the sudden drop in stress value. The stress plateau extension is large due to higher densification
of low density layers.
The edge-wise compressive modulus, strength and energy absorption values are
calculated from Figure 25 and are tabulated in Table 7.

Compressive modulus is calculated

from the slope of the stress-strain plots. The energy absorption is calculated by using trapezoidal
area calculation method. Stress-strain curves from edge-wise compression testing of IFGSFs are
compared with stress-strain curves of plain foams having similar density and are shown in Figure
26. From Figure 26 and Table 7, it is observed that the compressive strength, energy absorption
and modulus values of IFGSFs are higher compared to that of plain syntactic foams.
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Figure 25 IFGSF configurations stress-strain curves repeatability
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Figure 26 Stress- Strain plots comparison of IFGSF structures and plain foams

Table 7 Edge-wise compressive properties of IFGSF specimens
Compressive Compressive
Energy
Type of IFGSF
yield strength
Modulus
Absorption
Specimen
(MPa)
(MPa)
(MPa-mm/mm)
S22-K46-K46-S22
55.11±2.5
1842±80
3.42±0.3
K46-S22-S22-K46
54.72±1.0
1826±61
2.93±0.2
S32-S38-S38-S32
61.19±2.6
1918±60
3.70±0.2
S38-S32-S32-S38
61.90±2.5
1930±80
3.80±0.3
K46-S38-S32-S22
57.01±1.6
1920±50
3.45±0.2
Plain Foams
44.18±2.4
1181±40
2.85±0.3

The edge-wise compressive yield strength value of plain syntactic foams with similar
density to that of IFGSF is found to be 44 MPa. Compared to plain syntactic foams, the
compressive yield strengths of S22-K46-K46-S22 and K46-S22-S22-K46 IFGSFs (55 MPa),
S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs (61 MPa) and K46-S38-S32-S22 IFGSF (57
MPa) are found to increase by 25%, 40%, and 30%, respectively. The high yield strengths of
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IFGSF structures is due to the high strength contribution by stiffer layers in the configuration. It
is evident that stiffer layers (high density layers) have higher yield strength and modulus values
compared to low density layers. Even though the stress value of IFGSF structure reaches above
the yield strength of individual low density layers, the stress value in the graph continues its
increment due to the compressive resistance force applied by the stiffer layers. The stress values
increase until the vertical crack is developed in the IFGSF structure.
Compared to plain syntactic foams (2.85 MPa-mm/mm), the energy absorption values of
S22-K46-K46-S22 IFGSF (3.42 MPa-mm/mm), S32-S38-S38-S32 and S38-S32-S32-S38
IFGSFs (3.8 MPa-mm/mm) and K46-S38-S32-S22 IFGSF (3.45 MPa-mm/mm) have increased
by 20%, 33%, and 21%, respectively (Table 7). This increment in energy absorption is due to
the high yield strength contribution by the high density layers while the low density layers help
the whole IFGSF structure to extend its stress-plateau region. This is a typical characteristic of
high energy absorbing materials. However, the K46-S22-S22-K46 IFGSF configuration does
not show significant improvement in energy absorption compared to plain foams due to its
structural instability. This instability is due to the failure of individual stiffer layers caused by
the high shear and secondary tensile stresses in the structure. The K46 layers peel out due to
high stress concentrations caused by the shear and secondary tensile stresses. The steep drop in
stress values of K46-S22-S22-K46 IFGSF graph is also shown in Figure 26. Also, it is found
that the edge-wise compressive modulus of IFGSF structures is superior compared to plain
syntactic foams due to the high strength of stiffer layers.
In order to show the layer sequencing effect on the edge-wise compression properties,
IFGSFs with different layer sequencing are compared to one another. From Figure 26 and Table
7, it is observed that the yield strength, modulus and energy absorption values of S32-S38-S38-
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S32 and S38-S32-S32-S38 IFGSF configurations are high compared to S22-K46-K46-S22, K46S22-S22-K46 and K46-S38-S32-S22 IFGSF configurations. The compressive properties of the
IFGSF configurations with S32 as the weakest layer (S32-S38-S38-S32 and S38-S32-S32-S38
IFGSFs) are superior compared to the configurations with S22 as the weakest layer in all other
IFGSF configurations used in this study. This is due to the higher strength and modulus of S32
microballoons compared to S22 microballoons. Also the density differences in between S32 and
S38 are low compared to S22 and K46 microballoons. Hence, the S32-S38-S38-S32 and S38S32-S32-S38 IFGSFs have more uniform structure compared to all other IFGSFs used in this
study. Although the edge-wise properties are mainly dependent on the stiffer layer, due to the
effect of secondary tensile stresses in lateral direction, the yield strength of K46 microballoons
layer in S22-K46-K46-S22, K46-S22-S22-K46 and K46-S38-S32-S22 IFGSF structures is
reduced. The secondary tensile stresses effect increases with an increase in strength of the
microballoon. The uniformity and less tensile stress effect on S38 layers compared to K46
layers make S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs superior compared to all other
IFGSFs used in this study.
From Table 7, it can be observed that the energy absorption values of S38-S32-S32-S38
and S32-S38-S38-S32 configurations are similar to each other. However, the energy absorption
values of S22-K46-K46-S22 and K46-S22-S22-K46 IFGSF configurations are found to be
different. This difference in trends of energy absorption values is due to the radius ratio (η)
difference of microballoons. Comparing the radius ratio (η) difference between IFGSF
configurations with S32 and S38 microballoons and S22 and K46 microballoons, it is evident
that the radius ratio difference between K46 and S22 microballoons is more compared to S32
and S38 microballoons. This difference in radius ratio (η) also causes the structural non-
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uniformity.

In addition, the energy absorption of S22-K46-K46-S22 configuration is high

compared to its counter configuration. This is due to the partial structural instability of K46S22-S22-K46 IFGSF structure. This instability of the structure is caused by peeling out of
individual stiffer layers caused by higher secondary tensile stresses. Also, the stiffer layers
weaker resistance to compression result in high stress values drop in K46-S22-S22-K46 IFGSF
compared to its counterpart, thereby ultimately reducing the overall energy absorption of the
K46-S22-S22-K46 IFGSF structure. Thus, it is evident that the layer sequencing has effect on
the edge-wise compression properties of IFGSF structures.
Figure 27(a) - Figure 27(e) show the edge-wise crack propagation behavior of all IFGSF
configurations used in this study.

The overall crack propagation trend in all IFGSF

configurations is in a similar fashion to that of plain foams. Even though the low density layer is
the weakest layer in the structure, vertical splitting of the high density layer is predominant in
edge-wise IFGSF failure. Vertical splitting is preceded by the initiation of wedge shaped cracks.
Initiation of wedge shape cracks is due to shear stresses from the corners and the secondary
tensile stresses in the lateral direction.
Figure 27(b) - Figure 27(c) show the edge-wise crack propagation behavior in IFGSF
configurations with S22 and K46 microballoons. From Figure 27(b), it can be observed that the
shear cracks are developed from the corners due to the direct compressive stress and secondary
tensile stresses on individual layers. The secondary tensile stresses effect is more when the
difference in densification between low density and high density microballoons layers is more.
These shear cracks grow in an inclined manner and form a wedge shaped crack. Shear cracks
meet at a point and act as a stress riser. The secondary tensile stresses and the high stress
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concentration caused by the shear cracks lead to vertical crack development in the stiffer layer.
At the same time, cracks also propagate through the low density layers due to their low strength.

S22 S32 S38 K46

K46 S22 S22 K46

S22 K46 K46 S22

(a)

(b)

(c)

S38 S32 S32 S38

S32 S38 S38 S32

(d)

(e)

Figure 27 Edge-wise compression crack propagation behavior (a) K46-S38-S32-S22 IFGSF
crack propagation (b) S22-K46-K46-S22 IFGSF crack propagation (c) K46-S22-S22-K46 IFGSF
crack propagation (d) S32-S38-S38-S32 IFGSF crack propagation (e) S38-S32-S32-S38 IFGSF
crack propagation

From Figure 27(c), it can be observed that the K46 layer is peeling out due to the partial
structural instability of the IFGSF structure caused by high secondary tensile stresses effect on
individual K46 layer. The partial structural instability of IFGSF with low density layers at the
center causes the reduction in stress value than its counter IFGSF configuration. The lower
stress values ultimately reduce the energy absorption. This lower energy absorption and higher
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stress values drop in stress-strain curve can also be observed in Figure 26 and Table 7. In case of
higher density difference between microballoons, the edge-wise compressive properties and
crack propagation of IFGSF structures depend on layer sequencing.
Figure 27(d) - Figure 27(e) show the edge-wise crack propagation behavior in S32-S38S38-S32 and S38-S32-S32-S38 IFGSF configurations. Even in these IFGSF configurations,
crack propagation behavior is similar to that of IFGSF configurations with S22 and K46
microballoons. The vertical splitting of the stiffer layer is preceded by the shear and secondary
tensile stresses. The layer sequencing effect on crack propagation behavior of IFGSF with S32
and S38 microballoons is less compared to IFGSFs with K46 and S22 microballoons. However,
both IFGSF configurations have same energy absorption capacity.
5.3 Impact Testing
Three samples from each IFGSF configuration are tested at impact velocities of 1m/s,
2m/s and 3m/s on Instron Dynatup-8250 impact machine. The contact force histories for a
period of impact on S22-K46-K46-S22 IFGSF sample at varying impact energies are depicted in
Figure 28–Figure 30. The contact force is defined as the load that is exerted on the sample
during impact while the tup is in contact with the sample. From Figure 28-Figure 30, it can be
observed that the contact force history for S22-K46-K46-S22 configuration at impact velocities
of 1 m/s and 2 m/s is a smooth curve resembling characteristics of no damage or permanent
deformation from this impact [76]. Similar contact force histories at impact velocities of 1 m/s,
and 2 m/s are observed for other IFGSF configurations in this study. However, the contact force
history at impact velocity of 3 m/s is not a smooth curve as shown in Figure 30. This contact
force curve is a resemblance of extended damage on the sample. Similar behavior at impact
velocity of 3 m/s is observed for all the other IFGSF configurations used in this study.
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The maximum contact force or maximum load for different IFGSF configurations at
different impact energies are shown in Table 8-Table 10. From Table 8- Table 9, it can be
observed that the maximum load sustained by different IFGSF configurations at impact energy
of 1.7 J is almost similar to each other. Similar trend is observed in maximum load values of
IFGSF configurations at impact energy of 6.8 J. This can be attributed to the fact that at impact
velocities of 1 m/s and 2m/s, IFGSF configurations are subjected to localized damage close to
the point of impact as shown in Figure 31-Figure 32. However, K46-S22-S22-K46 IFGSF have
marginally higher maximum load values compared to its counter configuration at 1 m/s impact
velocity. Similar behavior is also observed at 2 m/s impact velocity. These differences in
maximum loads in IFGSFs with S22 and K46 microballoons, at 1 m/s and 2m/s, are shown in
Figure 33- Figure 34. This is due to the stiffer K46 layer sustaining more loads compared to S22
layer. Comparing IFGSF configurations with S32 and S38 microballoons, it is observed that
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S38-S32-S32-S38 and S32-S38-S38-S32 IFGSFs sustain similar maximum load. This behavior
is due to smaller radius ratio (η) differences between S32 and S38 microballoons. Therefore, the
effect of layer orientation on the impact resistance is not observed in IFGSF configuration with
less radius ratio variations. .

Table 8 Impacted with 1.7 J (Total Energy)
Configuration
Velocity Initiation Propagation
(m/s)
Energy
Energy
(J)
(J)
S22-K46-K46-S22
1
1.08±0.01 0.61±0.01
K46-S22-S22-K46
1
1.09±0.05 0.61±0.05
S32-S38-S38-S32
1
1.05±0.02 0.64±0.02
S38-S32-S32-S38
1
1.08±0.05 0.61±0.05
K46-S38-S32-S22
1
1.07±0.04 0.63±0.04

Maximum
Load
(KN)
1.10±0.01
1.16±0.01
1.25±0.06
1.21±0.05
1.10±0.02

Table 9 Impacted with 6.8 J (Total Energy)
Initiation Propagation
Velocity
Configuration
Energy
Energy
(m/s)
(J)
(J)
S22-K46-K46-S22
2
4.75±0.07 2.04±0.07
K46-S22-S22-K46
2
4.64±0.14 2.18±0.14
S32-S38-S38-S32
2
4.61±0.16 2.19±0.16
S38-S32-S32-S38
2
4.72±0.10 2.08±0.10
K46-S38-S32-S22
2
5.21±0.06 1.60±0.06

Maximum
Load
KN
2.70±0.01
3.03±0.01
2.98±0.10
2.95±0.01
3.01±0.02

Figure 31 Impact damage of S22-K46-K46-S22 IFGSF at energy 1.7 J
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Figure 32 Impact damage of S22-K46-K46-S22 IFGSF at energy 6.8 J
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Figure 33 IFGSF configurations and plain foams maximum load values bar graph at 1 m/s
impact velocity, equivalent to 1.7 J
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Figure 34 IFGSF configurations and plain foams maximum load values bar graph at 2 m/s
impact velocity, equivalent to 6.8 J

The maximum load values of IFGSFs at 1 m/s, 2m/s and 3m/s have compared with plain
foams having similar density. It is found that the maximum load values of plain foams and
IFGSFs are similar (Figure 33- Figure 35). Further, the maximum contact force at 3m/s impact
velocity shows variation with IFGSF configuration. From Table 10 and Figure 35, it can be
observed that the maximum contact force for IFGSF configurations with K46 and S22
microballoons is more than the maximum contact force for IFGSF configuration with S32 and
S38 microballoons. This difference in maximum contact force between IFGSF configurations is
due to the effect of stiffer layer (K46) on impact properties. At impact energy of 15.3 J (3 m/s
impact velocity), IFGSF configurations are subjected to global damage (Figure 36) rather than
local damage as in the case of impact damage at 1m/s and 2 m/s. Therefore, the stiffer layer in
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the configuration affects the maximum contact force. It is evident that the maximum load
increases with an increase in density of microballoons. In addition, the maximum contact force
for S32-S38-S38-S32 and S38-S32-S32-S38 configuration is similar to each other. However, the
maximum contact force for S22-K46-K46-S22 and K46-S22-S22-K46 IFGSF configurations are
different from each other. This difference in trend in maximum contact force is due to the
difference in radius ratios (η) of the IFGSF configuration. Higher radius ratio (η) microballoons
at outer layers sustain maximum load compared to lower radius ratio (η) microballoons due to
their stiffer nature. The radius ratio (η) difference between S32 and S38 microballoons is less
compared to K46 and S22 microballoons.
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0
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Figure 35 IFGSF configurations and plain foams maximum load values bar graph at 3 m/s
impact velocity, equivalent to 15.3 J
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Table 10 Impacted with 15.3 J (Total energy)
Configuration
Velocity Initiation Propagation
(m/s)
Energy
Energy
(J)
(J)
S22-K46-K46-S22
3
14.40±0.10 0.80±0.11
K46-S22-S22-K46
3
14.60±0.30 0.60±0.14
S32-S38-S38-S32
3
14.80±0.10 0.26±0.12
S38-S32-S32-S38
3
14.60±0.05 0.55±0.01
K46-S38-S32-S22
3
14.80±0.20 0.46±0.01

Maximum
Load
(KN)
16.40±1.40
18.10±4.02
14.12±4.08
14.10±3.48
18.26±5.11

Figure 36 Impact damage of S22- K46-K46-S22 IFGSF at energy 15.3 J
Initiation and propagation energy values of IFGSF configurations are also shown in
Tables 8-Table 10. From Tables 8-Table 9, it can be observed that the initiation energies of
IFGSF configurations at impact energy of 1.7 J are similar to each other. Propagation energies
of IFGSF configurations at 1.7 J are also similar to each other. Similar trend is observed for
IFGSF configurations at impact energy of 6.8 J.

The initiation and propagation energies

comparison of IFGSFs and plain foams at 1m/s and 2m/s are shown in Figure 37- Figure 38.
Even though localized damage is observed in all IFGSF configurations at impact energies of 1.7
and 6.8 J, energy is transferred from one layer to the other during impact. Hence, initiation and
propagation energies are not affected by layer sequencing. Also the plain foams with similar
density having same initiation and propagation energies compared to plain foams. From Table
60

10 and Figure 39, it can be observed that the initiation energies of IFGSF configurations at
impact energy of 15.3 J are similar to each other. However, considerable variation in propagation
energies is observed at impact energy of 15.3 J. This difference in trend between initiation and
propagation energy can be attributed to the global damage on the IFGSF configuration at impact
energy of 15.3 J. Due to this reason, cracks initiate at the same energy in different configurations
but propagate depending on the IFGSF configuration. Hence, the propagation energy values of
IFGSF configurations at impact energy of 15.3 J are dependent on the properties of syntactic
foam layers. Thus the layer sequencing does not show any effect on initiation and propagation
energies.
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Figure 37 Initiation and propagation energies comparison of plain foams and IFGSF
configurations having similar density at 1m/s impact velocity
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Figure 38 Initiation and propagation energies comparison of plain foams and IFGSF
configurations having similar density at 2 m/s impact velocity
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Figure 39 Initiation and propagation energies comparison of plain foams and IFGSF
configurations having similar density at 2 m/s impact velocity
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
.Five different layer sequencing IFGSF configurations are fabricated using layer over
layer integration technique. Four of the IFGSF configurations are symmetric over the central
plane while the fifth configuration is an integration of all four microballoons incorporated
syntactic foam layers. The volume fraction of microballoons is maintained constant at 60%.
The layer over layer integrated technique has developed to fabricate the gradient syntactic foams.
In order to understand the compressive behavior in IFGSFs, five specimens of each of the
configurations are tested in quasi-static flat-wise and edge-wise compression using MTS-810
servo-hydraulic machine. The flat-wise compression results are compared with plain syntactic
foams and with adhesively bonded FGSF having similar density. It is found that the stress-strain
plateau in IFGSF structures extends from 8% to 60% strain in contrast to an extension from 10%
to 20% for plain syntactic foams with similar density. Hence, an increase in energy absorption
for IFGSF structures is obtained. This increase in energy absorption can be attributed to the high
energy absorption by low density layers. On contrary, the high density layers in IFGSF
contribute more to the strength of the IFGSF structure. Compared to the adhesively bonded
FGSF, the IFGSFs with similar layer sequencing show an improvement of 50% and 75% in
compressive yield strength and energy absorption, respectively. In order to show the layer
sequencing effect on the compressive properties of gradient structures, results from different
configurations are compared to one another. It is found that S32-S38-S38-S32 and S38-S32S32-S38 IFGSF configurations exhibited higher compressive properties compared to all other
IFGSF configurations used in this study.

This is due to the dependency of the flat-wise

compression properties on the weakest layer of gradient structures. As S32 layer is superior
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compared to S22 microballoon layer, configurations with S32 microballoons show better
compressive properties. Although the compressive yield strength values are found to be similar,
symmetric IFGSF configurations with denser microballoons in the central layer (S32-S38-S38S32 and S22-K46-K46-S22) show enhanced energy absorption compared to their counterparts.
The densification and initiation of crack is found to always take place in the weakest layer of the
IFGSF configuration.
The edge-wise IFGSF structures compressive properties are compared with plain foams
having similar density. Additionally, IFGSFs with different layer sequencing are compared to
one another. Compared to plain syntactic foams, the compressive yield strengths of S22-K46K46-S22 and K46-S22-S22-K46 IFGSFs, S32-S38-S38-S32 and S38-S32-S32-S38 IFGSFs and
K46-S38-S32-S22 IFGSF are found to increase by 25%, 40%, and 30%, respectively. Compared
to plain syntactic foams, the energy absorption values of S22-K46-K46-S22 IFGSF, S32-S38S38-S32 and S38-S32-S32-S38 IFGSFs and K46-S38-S32-S22 IFGSF are found to increase by
20%, 33%, and 21%, respectively. This increase in energy absorption can be attributed to the
high energy absorption by low density layers. The edge-wise IFGSF properties mainly depend
on the stiffer layer in that configuration. Vertical splitting of the denser layer is a predominant
factor in the failure of edge-wise IFGSF structures. Vertical splitting in the denser layer is due to
the wedge shaped crack caused by the shear stresses and secondary tensile stresses.
In addition to compression analysis, IFGSF configurations are tested for low velocity
impact properties at 1 m/s, 2 m/s and 3 m/s velocities on Dynatup 8250 impact testing machine.
The impact testing results of all the IFGSF configurations are compared to one another. The
initiation energy and propagation energy values of five IFGSF configurations at 1.7 J, 6.8 J and
15.3 J are found to be same. This is due to localized damage at low impact velocities. Hence the
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effect of layer sequencing is not observed in initiation and propagation energies. Thus, it is
concluded that similar density syntactic foam structures have similar impact properties at lower
velocities. The maximum load values of K46-S22-S22-K46 IFGSF configuration have higher
maximum load value compared to its counter configuration. The maximum load values of
IFGSFs with higher density variations in microballoon layers change with layer sequencing.
6.2 Future Work
In order to verify accuracy in experimental data, FEM analysis is to be performed. Further,
ultrasonic analysis need to be performed to understand the damage behavior in impacted
samples. Variation in impact damage with variation in impact velocity is to be characterized
using ultrasonic imaging.
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